■ INTRODUCTION
Puroindolines (PINs) are cysteine-rich basic proteins with a mass of around 13 kDa isolated from wheat that contain a tryptophan-rich domain (TRD) presented by a disulfide bond. 1 Although the biological function of the PINs is unknown, it appears to involve the lipid-binding behavior of this family of proteins. 2 The PINs have been shown to have several hydrophobic regions that may be important for the protein− lipid interaction; it is thought that the TRD is likely to be key, 2 although there are point mutations that affect the behavior of PIN proteins that are not in the TRD. 3 There is not currently a high-resolution structure for any of the full-length isoforms, making it difficult to resolve the function of hydrophobic regions as a part of the full-length protein, but evidence for their function comes from work on homologous peptides of the TRD. 4−7 Much of this work also includes NMR structures of the TRD of PINB without the cysteine residues or Gly47, 6 originally resolved by cDNA sequencing. 8 Our previous work has focused on how mutations found in nature affect the lipid binding behavior of the PINs and how this relates to the role played in the grain hardness trait in wheat; however, the PINs have also been shown to have an active role in pathogenic defense shown both in vivo and in vitro. 9, 10 One of the main questions involved with the mechanism of antimicrobial proteins and peptides is, how are they able to differentiate between the membrane of host and pathogen? The phospholipid composition of eukaryotic cells is dominated by the zwitterionic phospholipid headgroup phosphatidylcholine (PC) with a small percentage of anionic headgroup component contributed by phosphatidyl-rac-glycerol (PG) or phosphatidylserine (PS) depending on the species and the cell type. For example, in human red blood cells, the PC headgroup makes up around 70% of total lipid content and 8% is PS, with a large proportion of the rest made up of cholesterol (CHL) and sphingomyelin (SM). 11 In comparison, in the cell membranes of eukaryotic nerve cells there is a larger proportion of anionic phospholipids in the membrane. 12 Consistent with the differences in lipid composition, PIN proteins interact with different eukaryotic cell types in different ways. In vitro studies carried out with PINA have shown that there was no hemophilic activity; 10 however, membrane structural changes occur in in vitro experiments using nerve cell axons. 12, 13 This suggests that the lateral organization of the membrane, a combination of headgroup sizes, membrane charge, and fluidity, 14 has a major role in governing the interaction of antimicrobial peptides and host/pathogen selectivity.
The lipid metabolism of eukaryotic cells also integrates sterols into the cell membrane, and in-depth reviews have been written about the subject previously. 15, 16 The presence of stigmasterol and cholesterol for plants and animals respectively modulate the fluidity and membrane thickness in eukaryotic cells. Sterols have been shown to localize within the acyl region of the plasma membrane causing the formation of liquidordered (L O ) and liquid-disordered (L D ) phases in the membrane. 17, 18 The L O phase shows a higher molecular density when compared with membranes composed of phospholipids only. 17 There are a number of examples that show membrane protein insertion 18 and anchoring 19 are affected by the phase of the membrane, and a number of membrane proteins have been shown to be affected specifically by the presence of cholesterol. 12 However, while L O phase effects on nonselective antimicrobial peptide (e.g., melittin) reorganization of cholesterol integrated membranes has been studied, 20, 21 there is relatively little information available on how more selective defense proteins and peptides, such as the cathelicidin class of antimicrobial peptides (AMPs), 22, 23 are able to differentiate between phospholipid head groups or how membrane fluidity takes any part within the protein−lipid interaction. In vivo the ability to phase separate the membrane into L O and L D regions allows the lateral formation of functional domains.
14 Furthermore, although not necessary for the formation of the L O phase, in vivo phase separated L O / L D microdomains are rich in protein, CHL, and SM. 24, 25 In our previous work we have focused on the difference in binding behavior of the wild-type isoforms of the PINs and comparisons with naturally occurring mutants. 26−28 The differences between mutants characterized in these studies have been attributed to single amino acid substitutions in the TRD. Those studies focused on how only headgroup charge affected the selectivity of the different isoforms of the PINs and how mutations in the TRD affected that interaction, focusing on the role of the PINs with respect to wheat grain hardness. In subsequent work, 29 we characterized the lipid headgroup selectivity and interaction using more complex membrane models in the context of pathogenic defense, where we showed that the PINs are influenced by membrane fluidity when comparing binding to unsaturated and saturated lipids. More importantly, we showed that the lateral organization of a monolayer has significant effects on the protein−lipid interaction within PINB based upon comparisons to PINB-(Trp 44 Arg), which has a Trp to Arg mutation within the TRD. A schematic of the differences in the TRD region of PINB and PINB(Trp 44 Arg) is shown in Figure 1 . By modeling different components of the bacterial lipid membrane, we showed that different characteristics of the lipids within the membrane dictate protein−lipid interaction but that the binding of PINB and PINB(Trp 44 Arg) is affected differently by the lateral organization of lipids within the membrane. It has been discussed elsewhere that key amino acid residues, like Trp and Arg within the TRD of the PINs, determine the mode of binding to a lipid membrane. 5−7 In previous work, we have studied PIN binding to pure lipid layers 28 and to mixed lipid systems that are associated with the lipid composition of bacterial membranes. 29 Here, we extend our studies to model PIN binding to models based upon eukaryotic membranes. We use a monolayer membrane model in order to better control the phase and lipid composition in the context of the protein−lipid interaction. The aim of the work is to better understand the role played by the host lipid components of biological membranes in the context of antimicrobial protein binding. Surface pressure (which measures total amount of protein inserted at the interface), external reflection FTIR spectroscopy (measuring total amount of protein adsorbed at the interface), and Brewster angle microscopy (which looks at lateral organization of the monolayer) have all been used in order to directly compare the effects of interaction of the PINb and PINB(Trp 44 Arg) with the mixed lipid monolayers composed of eukaryotic membrane lipids.
■ MATERIALS AND METHODS
Materials. Lipids were obtained as powders from Avanti Polar Lipids (Madison, WI) without further purification. Lipid powders were suspended in HPLC chloroform (Sigma-Aldrich) as stock solutions of 1 mg/mL. The multiple lipid solutions were prepared to give a total lipid concentration of 1 mg/mL. Buffers were made from a combination of monosodium phosphate and disodium phosphate (dihydrate) to make buffer strength of 20 mM with a pH or pD 7.0. UHQ water was used for all solutions used in surface pressure and BAM experiments, and D 2 O was used as the solvent for FTIR experiments. UHQ water was obtained from an ELGA water purifier and 99.9% D 2 O was obtained from Sigma-Aldrich. PINB and PINB(Trp 44 Arg) were purified from Claire and Soissons wheat varieties, respectively ( Table 1 shows the full genotype and phenotypes of the wheat varieties), using Triton X-114 phase partitioning and chromatography techniques as described elsewhere. 26, 30 SDS-PAGE ( Figure S1 ) and non-native mass spectrometry ( Figure S2 ) were used to determine the purity of both proteins, which indicate their separation from PINA, PINB2, and grain softness protein-1 (GSP-1).
Surface Pressure Measurements. Surface pressure measurements were carried out using the method described previously. 31 Briefly, a Langmuir Teflon trough (model 611, Nima technology Ltd., Coventry, UK) was used to prepare lipid monolayers that were compressed and held in the condensed phase at 22 mN/m. Following our previous methodology, 26, 29, 31 the protein was added to the subphase of the stabilized lipid layer to provide a final concentration of protein in the subphase of 0.48 μM PINB or PINB(Trp 44 Arg). Changes in surface pressure were observed for 150 min after protein injection and plotted as surface pressure vs time. All systems were repeated in triplicate, and statistical analysis was carried out to evaluate level of difference between observed changes in surface pressure using one-way ANOVA and Tukey HSD posthoc test. Brewster Angle Microscopy. A Nanofilm EP3 imaging ellipsometer (Nanofilm Technology, Goettingen, Germany) mounted above a Langmuir trough (model 302a, Nima, Coventry, UK) was used to obtain BAM images. Surface pressure and film morphology could be monitored simultaneously using this setup. As described previously, 27 the imaging ellipsometer was equipped with a frequencydoubled Nd:YAG laser (532 nm, 20 mW), 10× magnification objective, polarizer, analyzer, and CCD camera and was situated on an antivibration table. Lipid monolayers and protein addition to the layers were prepared as described for surface pressure experiments. The surface pressure was monitored for 180 min after protein addition, and BAM images were captured at regular intervals after the protein addition to the subphase to monitor surface morphology.
External Reflection FTIR Spectroscopy. ER-FTIR spectra were recorded using a Thermo Nicolette Nexus instrument fitted with a monolayer/grazing angle accessory and a 10 mL trough. 31 In each experiment, 9.5 mL of 20 mM sodium phosphate buffer (pD 7.0) was placed in the trough, and a background single beam spectrum was recorded allowing time for the sample chamber purge to remove H 2 O vapor and CO 2 from the atmosphere. After recording a background, lipid solution was spread on to the surface of the buffer and compressed to 22 mN/m in the condensed phase. Sample scans were taken after compression to ensure stability of the lipid film, monitored through the observation of the CH 2 symmetric and asymmetric stretching frequencies in the phospholipid tails shown in the regions 2854−2850 and 2924−2916 cm −1 , respectively. Protein solution was injected into the subphase in sequential experiments to make a final protein concentration respective to PINB or PINB(Trp 44 Arg) of 0.48 μM. Spectra were continuously collected from the moment of protein injection for 15 min followed by a single spectrum collection every 15 min to a total time of 120 min after protein injection. The interaction of the protein with the lipid monolayer was observed by monitoring the amide I region, 1700−1600 cm To correct for any water vapor present, H 2 O and HOD spectra were scaled and subtracted against protein adsorbed spectrum; the degree of subtraction was dependent on the adsorption time as well as the amount of H/D exchange. The HOD spectra used for scaling and subtraction purposes were collected during the purge of the sample area between single beam background collection and the addition of the lipid film. No further processing was performed to the data.
■ RESULTS
Lipid Layer Characterization. Figure 2 shows pressure− area isotherms of a binary DPPG:DPPC lipid monolayer and with addition of CHL and SM. BAM images are provided for the PG:PC:CHL lipid layer. Data for the pure lipid monolayers confirm those observed previously in the literature ( Figure  S3) . 22, 23 Mixed PG/PC isotherms show the characteristic liquid extended-liquid-condensed phase transitions observed for the pure lipid systems. The only difference observed is that the surface pressure at which the phase transition occurs varies between 5 and 7 mN/m, and this relates to the relative amount of DPPC and DPPG within the monolayer. The isotherm for the 10:90 PG:PC system is shown as an example in Figure 2 . When CHL or CHL/SM is added to the binary lipid composition (Figure 2a) , there is no indication of the phase transition observed previously. BAM images taken of the CHL/ PC/PG mixed system (Figure 2b) show no sign of the uniform phospholipid domains and instead show regions of phase separation into L O and L D domains that coalesce into fully L O as the surface pressure increases. These large circular fluid domains caused by the presence of CHL have been identified before and were proposed by Radhakrishnan and McConnell. 32 In this system saturated lipid molecules pack in a specific way forming a uniform monolayer in the L O phase, where the lipid acyl chains are packed against the planar structure of the sterol. Figure 3 shows surface pressure measurements (as change in surface pressure) and data from FTIR spectra (as amide I peak area) for equilibrium adsorption of PINB and PINB(Trp 44 Arg) to these mixed DPPG/DPPC layers (Table  S1 ). Data for the interactions to the pure lipids are provided as Supporting Information (Figures S4 and S5) . We observe increasing penetration of both the wild type and the mutant into the lipid monolayer as the amount of PG in the layer increases, evidenced by changes in surface pressure. Changes in the total amount of protein within the interfacial region result from monitoring amide I peak area, and again the total amount is greater when the percentage of anionic lipid within the layer increases. However, the interaction does not simply correlate to the electrostatic interactions between PIN and the lipid head groups.
The amino acid substitution in PINB(Trp 44 Arg) leads to significantly less change in degree of penetration of the protein into the lipid layer (indicated by the surface pressure change) compared to PINB when the ratio headgroup composition of PG:PC is varied. Looking at the change in surface pressure for PINB(Trp 44 Arg), there was no significant difference in surface pressure change between binding to 100% PG surface and any PG:PC composition. Whereas, in the case of PINB, a significant reduction (P < 0.05) was measured for lipid layers with 20% and greater PC content with respect to 100% PG. In contrast, when monitoring the total amount of protein adsorbed, the total amount of PINB(Trp 44 Arg) adsorbed below the PG:PC lipid surface is either greater than or equal to that seen for PINB (determined from amide I peak area values). This suggests that PINB(Trp 44 Arg) is able to adsorb to the surface of the lipid layer but not penetrate the lipid surface as effectively as PINB. As mentioned previously, these differences may be explained by increased net charge of PINB(Trp 44 Arg) compared to PINB due to the additional basic residue (Arg) and reduced hydrophobicity of the PINB(Trp 44 Arg) TRD resulting in less protein penetration into the acyl region of the lipid layer.
28,29
Impact of the Lateral Lipid Organization on Protein− Lipid Interactions of PIN Proteins. Figure 4 and Table S2 show changes to monolayer penetration observed by surface pressure measurements of PINB and PINB(Trp 44 Arg) when CHL and then SM are added to the total lipid content at ratios that match known eukaryotic membrane lipid composition, 8 with the amount of anionic lipid kept constant as complexity of the lipid composition studied is increased. CHL is an integral part of eukaryotic cell membranes and regulates membrane fluidity. Sterols are a necessary component to form the L O phase, 32 whereas SM is found in phase separated L O /L D microdomains in vivo. 24, 25 These changes in lipid layer structure appear to reduce binding of the more polar and less hydrophobic binding domain of PINB(Trp 44 Arg) while not affecting binding of PINB. Note that FTIR experiments are not shown since at this composition of DPPC/SM/CHL the small amount of signal seen for addition of protein made the experiments uninformative. We therefore focused on the surface pressure data, which is more sensitive to monolayer penetration rather than adsorption.
Figures 5 shows images taken using BAM microscopy in conjunction with surface pressure measurements for the adsorption of PINB and PINB(Trp 44 Arg) to a 65% PC 10% PG 25% CHL monolayer in the L O phase. For PINB (Figure  5a ), the BAM images reveal protein binding to the surface of the monolayer as regions of white (lighter image link to increased material at the surface). The adsorption of PINB causes the formation of material-dense regions that are localized showing evidence of ultradense regions within the L O monolayer. However, there is no evidence of phase separation between the L O and the L D phases. Our previous studies have shown BAM images for PIN binding to DPPG as uniform distribution of protein across the layer, 27,29 and we observe for PINB binding to DPPG a surface pressure change of 10.4 ± 0.6 mN/m. 29 Here PINB interaction with a mixed layer containing CHL shows localized binding of protein entirely consistent with a reduced surface pressure change of 5.7 ± 0.8 mN/m. BAM images for PINB(Trp 44 Arg) binding to 65% PC 10% PG 25% CHL lipid layer show no major change to the image, and this suggests less overall adsorption of material to this surface compared to that seen for PINB (Figure 5b ), correlating well with the surface pressure change observed. Again there is no evidence of uniform protein adsorption, and the little amount of protein that has interacted with the monolayer has formed very small circular protein-rich domains, but again no evidence of phase separation. In contrast with the wild type, these dense protein domains do not grow bigger over time. This is further evidence that the presence of CHL within the monolayer limits the interaction of PINB(Trp 44 Arg).
■ DISCUSSION
Our work has probed how lipid composition and lateral membrane organization within biological membranes can dictate host and pathogenic interactions of antimicrobial proteins and peptides with the cell membrane. This study focused on modeling protein−lipid interactions based upon the lipid composition of eukaryotic cell membranes 11 and complements our previous study that looked at membrane models based upon the lipid composition in bacterial cell membranes. 29 We have shown that the PIN−lipid interaction at binary anionic:zwitterionic lipid layers is not purely a result of electrostatic forces between lipid headgroup and the PIN lipid-binding TRD domain. There are selective differences between the wild type and the Trp to Arg mutant in terms of lipid binding behavior as the amount of anionic content within the monolayer decreases. The more hydrophobic wild type is significantly affected by the loss of electrostatic interaction, demonstrated as both less penetration and adsorption to the membrane, whereas the mutant shows no significant change to the amount of membrane penetration ( Figure 3 ). As seen in Figure 6 (and Table S3 ), when the data are compared to our earlier work on bacterial membrane models 29 both wild-type PINB and PINB(Trp 44 Arg) are able to differentiate between mixed lipid anionic:zwitterionic monolayers consisting of different zwitterionic lipids and thus the same net charge. Interestingly, the wild type is able to positively discriminate between bacterial membrane models containing a PE headgroup 29 and a host cell membrane model containing a PC headgroup (compare red (PG:PE) and blue (PE:PG) data in Figure 6a ) showing greater protein penetration into the PG:PE (bacterial mimic) compared to the PG:PC lipid system. 28 The single Trp to Arg mutant is also able to discriminate between the host and the pathogen membrane mimics, but in a different manner. In this case PIN(Trp 44 Arg) does not interact with the PE headgroup at all, seen as no surface pressure change in Figure 6b , but is able to interact positively with the PC headgroup, resulting in a surface pressure change that is similar to that seen for binding to 100% PG. This effect has not been observed previously using bilayer models as the ability to control headgroup composition is dependent upon the mixture being able to form a bilayer. 33 The impact of the lipid headgroup size and how this modifies the lateral organization of lipid molecules plays a part, as seen by the contrasting behavior of PIN binding to DPPC and DPPE containing lipid surfaces.
We have further demonstrated that as the complexity of the lipid layer composition is increased to incorporate cholesterol, the decreased fluidity of the layer limits penetration of PINB(Trp 44 Arg). The interaction with the wild-type PINB is remarkably different, with the mixed PG:PC:CHL layer showing the formation and growth over time of superdense protein regions within the liquid ordered lipid surface. After initial penetration into the acyl region of the lipid, 27 we speculate that PINB strongly interacts with CHL forming circular protein-rich regions similar in shape to L O regions observed during monolayer compression.
There are many reports on the interaction of AMPs with membranes, with the most characterized examples, such as melittin, being unable to differentiate between different phospholipid head groups. 20, 21 One of the notable families of AMPs that are able to differentiate between different membranes are the cathelicidins 23 that include indolicidin, 34 to which the TRD of the PINs shows a high homology. Although the mechanism by which these peptides are able to select between different membranes is not fully resolved, the general consensus is that headgroup selectivity is primarily attributable to electrostatic interactions. 35 Our work has shown, in at least the case of full-length PIN proteins, that the lateral organization of complex membranes also significantly affects the selectivity of the protein for complex membranes of different lipid headgroup compositions and fluidity; showing specific selectivity between membranes composed of different head groups but the same overall charge.
To further gauge how selective the PINs could be to a host cell, we increased the complexity of the monolayer to integrate SM into the lateral organization. Although not necessary for the formation of the L O phase, 14 it has been found in vivo that SM localizes with CHL and proteins in transient highly dense microdomains. 24 Although we were not able to image these transient domains, the addition of SM further reduced binding of PINB(Trp 44 Arg), but again did not influence PINB lipid penetration. This again demonstrates the impact of membrane fluidity on the interaction of the highly charged PINB-(Trp 44 Arg). Our work suggests that the selective binding of antimicrobial peptides to different cell types results from differences in lipid composition, membrane fluidity, and the lateral organization of lipids within the membrane. However, membrane-binding behavior is not easily predicted; it is determined by net charge, hydrophobicity, and the amphiphilicity of the protein/peptide lipid-binding domain. A single point mutation of a 13 kDa protein results in completely altering the mechanism of interaction with the membrane.
These results clearly show differences in the lipid binding behavior of the mutant and wild-type protein that could significantly alter the antimicrobial behavior of PIN. Further analysis investigating lipid compositions found within fungal membranes will enable us to determine if these structural differences potentially impact more widely to other pathogenic properties. Our findings also suggest the hypothesis that mutations to PINB are evolutionary selections that may be linked to their role in plant defense, as has been previously suggested for the molecular evolution of homologous genes responsible for PINA protein expression. 36 ■ ASSOCIATED CONTENT
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